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Figures 

Figure  1 .  Arrhenius  plot  of  ionic  conductivities  for  composite 

electrolytes  of  EC  :PC  :PAN:LiAsF6  with  zeolite  powders.  . 

Figure  2.  Time  evolution  of  the  impedance  response  of 

Li/EC:PC;PAN:LiAsF6/Li  cells:  (a)  gel,  (b)  composite  with 
5  mass%  lOA,  40pm  zeolite  powder. 

Figure  3.  Cyclic  voltammogram  of  EC:PC:PAN:LiAsF6  composite 
electrolyte  with  5  mass%  lOA,  40pm  zeolite  powder  on  a 
Pt  electrode. 

Figure  4.  Cyclic  voltammogram  of  (....)  1.4m  LLAsFg/ECiPC  liquid,  (“") 
EC:PC:PAN:LiAsF6  gel,  and  (--)  EC:PC:PAN:LiAsF6  with 
5  mass%  zeolite  composite.  .  .  .  .  • 

Figure  5.  Charge/discharge  curves  of  a  Li/LiCo02  cell  with  composite 

electrolyte  EC;PC:PAN:LiAsF6  and  5  mass%  lOA,  ^ 

40pm  molecular  sieves.  Charge  current  density  of  0.25  mA/cm 
and  discharge  rate  of  0.5  mAJcm.  .... 


3 


5 


6 


7 


8 


111 


i«o»s»lon  for 

GRAfcl 
DUO  TAB 
Unannoimood 
-Tn  1  n  o  ft  1 1  on 

□  r 

□  ^ 

Dir 

Aval2.abilltj>  Obdos 

Blot 

1^1 

Avail 

Special  .  . 

1  -m 

Introduction 


Polymer  gel  electrolytes  formed  by  the  immobilization  of  liquid  electrolytes  in 
poly(acrylonitrile),  (PAN)  have  ionic  conductivities  greater  than  solvent  free  PEO-based 
electrolytes  [1-3].  There  is  evidence  that  the  ion  transport  mechanism  for  gel  electrolytes  is 
more  complex  than  a  model  of  connected  liquid  electrolyse  regions  in  an  inert  PAN  matrix. 
Results  of  nuclear  magnetic  resonance  (NMR),  differential  scanning  calorimetry  (DSC),  and 
dielectric  constant  studies  [4,5]  indicate  specific  interactions  between  the  eiectrol>Se  and  PAN. 
Recently  composite  electrolytes  have  been  prepared  for  PEO-based  electrolytes  with 
[6,7],  Y-LiA102  [8,9],  Lil  [7],  zeolite  type  molecular  sieves  [9],  and  increased  conductivities  and 
decreased  Li  passivation  have  been  reported.  Zeolites  have  an  open  three-dimensional 
framework.  They  contain  water  molecules  which  can  xmdergo  reversible  dehydration  without 
the  framework  collapsing.  Once  dehydrated,  the  empty  cavities  will  be  able  to  absorb  and 
strongly  retain  molecules  small  enough  to  enter  by  electrostatic  and  van  der  Waals  type  forces. 

For  polymer  electrolytes  to  be  of  practical  use,  Li-ion  mobility  must  be  high  enough  to 
enable  useful  rate  capabilities  in  lithium  batteries.  For  safety,  storage,  and  cycle  life  the 
electrolyte  must  be  chemically  stable  with  the  electrode  materials.  In  high  voltage  cells,  the 
electrolyte  must  also  be  electrochemically  stable  over  the  potential  window  of  the  electrode 
couple.  The  objective  of  the  present  work  is  to  study  the  electrochemical  properties  of 
composite  electrolytes  in  the  more  conductive  PAN-based  gels. 


Experimental 

The  preparation  of  gel  electrolyte  films  involved  the  immobilization  of  LiAsTg  in 
ethylene  carbonate  (EC)  and  propylene  carbonate  (PC)  mixtures  with  PAN.  Composite 
electrolytes  were  prepared  by  the  dispersion  of  ground  molecular  sieves,  sodium 

aluminosilicates, ofthetypeNa,2[AlnSii2048]-27H20intothemixtures.  LiAsFe (Lithco 

"Lectro-salt")  was  dried  under  vacuum  at  60°C  for  24  h.  PC  (Burdick  and  Jackson)  was  dried 
with  type  4A  molecular  sieves  for  48  h  then  distilled  under  vacuum.  EC  (Fluka  AG)  was 
fractionated  under  vacuum.  Karl  Fisher  titration  of  these  solvents  indicated  water  contents  of 
less  than  24  ppm.  Poly(acrylonitrile)  (Polyscience  Inc.)  with  an  average  molecular  weight  of 
150,000  was  dried  under  vacuum  at  60°C  for  48  h.  Molecular  sieves,  with  effective  pore  sizes 
of  4A  (Davison,  Type  4A,10-16  mesh)  and  lOA  (Davison,  13X,  8-12  mesh)  were  ball-milled 
for  24  h,  dried  under  vacuum  at  200°C  for  24  h  and  sieved  to  collect  powder  widi  a  particle  size 
of  ~  40  pm.  Smaller  particle  size  (Davison,  13X,  powder)  with  an  average  particle  size  of  ~  2 
pm  was  also  studied  after  drying. 

The  liquid  electrolyte  EC;PC;LiAsF6  was  prepared  in  a  30  ml  Pyrex  vial  with  a  stirring 
bar.  PAN  powder  was  then  added  and  the  mixture  stirred  to  ensure  wetting  of  the  PAN.  The 
mixture  was  heated  slowly  in  an  oil  bath  to  100  -  1 10°C,  avoiding  overheating  and 
decomposing  the  PAN.  The  mixture  turned  to  a  clear  highly  viscous  gel  and  was  cast  between 
two  glass  plates  separated  with  0.25  mm  spacers,  and  allowed  to  cool.  The  resulting  polymer 
electrolyte  was  an  elastomeric  mechanically  stable  film.  The  film  composition,  in  mole 
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percent,  used  in  this  study  was  EC40PC34  75PAN2i(LiAsF6)4  25.  Composite  gel  films  were 
prepared  by  adding  the  ground  sieves  before  heating  the  mixture  as  described  above.  Chemical 
storage,  film  casting,  and  cell  assemblies  were  performed  in  a  Vacuum  Atmospheres  argon 
filled  dry  box. 

Electrolyte  conductivities  and  interfacial  corrosion  were  determined  from  ac  impedance 
measurements  using  an  EG&G  Princeton  Applied  Research  (PAR)  model  398  impedance 
system  with  a  frequency  range  of  5Hz  to  IMHz.  Conductivity  measurements  were  performed 
with  316  stainless  steel  blocking  electrodes.  A  thermocouple  was  in  close  proximity  to  the 
electrolyte  in  the  cell.  The  cell  assembly  was  inserted  into  a  wide  mouthed  glass  reaction  vessel 
packed  with  molecular  sieves  and  then  flushed  with  argon.  Measurements  were  performed  in 
the  temperature  range  of  70°C  to  -70°C  in  a  Tenney  environmental  chamber.  The  corrosion 
measurements  were  performed  with  a  Li/electrolyte/Li  cell  with  stainless  steel  current 
collectors  at  25  °C  in  an  argon  filled  dry  box. 

Cyclic  voltammetry  was  performed  to  determine  the  electrochemical  stability  window 
of  the  electrolytes  using  a  three  electrode  cell.  The  working  electrode  was  platinum,  and  lithium 
metal  was  utilized  for  both  the  counter  and  reference  electrodes.  Measurements  were 
performed  on  an  EG&G  PAR  model  273  potentiostat/galvanostat  with  model  270 
electrochemistry  software  at  25°C. 

Composite  cathodes  were  prepared  by  adding  appropriate  masses  of  LiCo02  (Cyprus) 
and  carbon  (Vulcan  XC-72)  to  a  gel  electrolyte  mixture  of  EC44  3PC39PANj2(LiAsF6)4  7, 
prepared  as  above.  The  powders  were  added  to  the  gel  while  hot  and  mechanically  blended  in 
before  casting  between  glass  plates.  The  resulting  electrode  composition  in  mass  percent  was 
55/5/40  LiCo02/C/polymer  electrolyte.  Lithium,  1.2  mm,  was  used  as  the  anode.  The  cell 
stack  was  sandwiched  between  stainless  steel  current  collectors  in  a  Teflon  screw  type  cell. 

The  working,  composite  electrode  area  was  approximately  1 .0  cm  .  The  cells  were  cycled  with 
ECO  galvanostats  between  4.3  and  3.0  volts  at  25°C  and  the  data  collected  with  a  Nicolet 
model  310  digital  storage  oscilloscope. 

Results  and  discussion 

The  temperature  dependencies  of  the  conductivity  of  four  gel  electrolyte  films  are 
shown  in  Fig.  1.  Room  temperature  conductivities  were  greater  than  10'^  S  cm''  for  all  four 
electrolytes  studied.  A  detailed  discussion  of  the  ionic  conductivity  of  PAN-based  electrolytes 
has  been  reported  elsewhere  [4]. 

Comparison  of  composite  electrolyte  films  with  an  EC:PC:PAN:LiAsF6  film  vdthout 
the  addition  of  zeolites  shows  an  increase  in  the  conductivity  at  low  temperatures.  This 
enhancement  in  conductivity  can  be  attributed  to  the  preservation  of  the  amorphous  phase  of 
the  gel  films  by  the  dispersion  of  zeolite  particles.  The  electrolyte  films  prepared  as  described 
have  been  found  to  be  highly  amorphous  [2]  by  x-ray  diffraction.  At  lower  temperatures  the 
polymer  chain  rearranges  and  aligns  in  a  more  ordered  or  crystalline  state,  decreasing  the 
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amorphous  regions.  Additions  of  small  amounts  of  zeolite  particles  dispersed  in  the  electrolyte 
will  prevent  this  crystallization  process.  The  effect  on  conductivity  due  to  the  amounts  of 
ceramic  fillers  added  to  polymer  films  has  been  reported  to  follow  a  bell-shaped  distribution. 
For  the  addition  of  Y-LiA102  to  (PE0)gLiC104  the  maximum  conductivity  was  measured  with 
10  mass%  of  the  ceramic  filler  [8]. 

To  investigate  the  lithium  metal  gel  electrolyte  interface,  alternating  current  impedance 
spectroscopy  was  used.  The  time  evolution  of  the  impedance  response  was  monitored  for 
Li/electrolyte/Li  cells  at  open  circuit  for  several  weeks.  The  response.  Fig.  2,  shows  a 
progressive  expansion  of  the  semicircle  with  time.  This  semicircle  is  a  measure  of  the 
continuous  growth  of  a  resistive  layer  on  the  Li  surface  [10],  which  is  the  result  of  corrosion 
between  the  Li  and  the  electrolyte.  Aprotic  solvents  such  as  PC  and  EC  are  well  known  to  form 
passivating  layers  on  Li  metal.  Growth  of  these  resistive  layers  will  increasingly  prevent  Li  ion 
transport  and  thus  block  the  flow  of  current  through  the  cell.  Addition  of  5  mass  percent  zeolite 
to  the  gels  reduced  the  rate  of  growth  of  the  resistive  layer  on  the  Li  surface.  A  reduction  was 
found  for  all  the  composite  films  studied.  It  is  believed  that  this  beneficial  interfacial 
characteristic  is  based,  in  part,  on  the  water  affinity  of  molecular  sieves.  The  dispersion  of 
ground  zeolite  traps  impurities  and  prevents  them  from  reacting  at  the  interface.  Another 
possible  reason  for  the  improved  interface  may  be  due  to  the  composite  film  being  more 
viscous  than  the  gel  electrolytes.  This  enhanced  physical  stability  may  decrease  the  resistive 
layer  growth  by  preventing  the  flow  of  corrosive  solvents  to  the  interface. 

The  cyclic  voltammogram  of  a  composite  electrolyte  in  Fig.  3  indicates  a  stable 
electrochemical  potential  window  on  Pt  of  IV  to  about  4.4V  versus  lithium.  This 
voltammogram  is  typical  of  liquid  LiAsF6/PC:EC  electrolytes  and  of  gel  electrolytes  based  on 
this  chemistry  without  the  addition  of  zeolite  powders.  This  indicates  that  PAN  and  zeolite 
powders  have  no  effect  on  the  stability  window  of  the  electrolyte.  The  onset  potential  for 
lithium  deposition  on  platinum  was  -0.05V.  Lithium  stripping  is  observed  by  the  anodic  peak 
at  0.45  V  and  delithiation  of  the  alloy  formed  at  0.65V.  Sweeps  fi-om  3V  to  6V,  in  Fig.  4,  show 
small  anodic  currents  starting  at  about  4.1V  for  liquid  and  gel  electrolytes,  and  smaller  currents 
starting  at  about  4.3  V  for  the  composite  electrolyte.  This  peak  is  attributed  to  water  oxidation 
and  is  further  proof  that  the  dispersion  of  zeolite  powders  absorbs  water  molecules  in  the 
electrolyte.  Higher  currents  on  the  order  of  1  mPJcm  are  observed  at  5.3V,  due  to  solvent 
decomposition.  All  the  reactions  described  above  appear  at  the  same  potentials  as  those 
reported  previously  for  LiC104/PC  on  a  Pt  electrode  [11]. 

Utilization  of  the  composite  electrolyte  in  a  LiTLiCoOj  cell  is  demonstrated  by  the 
charge/discharge  curves  in  Fig.  5.  The  initial  cycle  is  typical  of  the  LiCo02  cathode  material  in 
liquid  organic  electrolytes  [12].  The  cell  capacity  was  273  mAh  per  gram  of  LiCo02,  and 
achieved  a  capacity  of  0.5  F/mole  on  charge  at  a  current  density  of  0.25  mA/cm^  and  0.41 
F/mole  on  discharge  at  0.5  mA/cm^.  After  achieving  good  initial  capacity,  at  what  is 
considered  high  rates  for  polymer  electrolyte  cells,  the  cell  capacity  declined  steadily  and 
cycling  was  terminated  after  12  charge/discharge  cycles. 
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Figure  2.  Time  evolution  of  the  impedance  response  of 
Li/EC:PC:PAN:LiAsFg/Li  cells:  (a)  gel, 

(b)  composite  with  5  moss^  1 0A,  40/^m 
zeolite  powder. 


uurreni  aensity,  mA/cm 


“101  234567 


Potential  vs.  LI  (volts) 

Figure  3.  Cyclic  voltammogram  of  EC:PC:PAN:LiAsFg 

composite  electrolyte  with  5  mass5i$  lOA,  40/xm 
zeolite  powder  on  a  Pt  electrode. 


Lurrent  density,  mA/cm 


Potential  vs.  Li  (volts) 


Figure  4.  Cyclic  voltommogrom  of  (....)1.4nn  LiAsFg/EC:PC 

liquid,  ( _ )  EC:PC:PAN:LIAsFg  gel  and  ( — ) 

EC:PC:PAN:LiAsFg  with  5  mass3$  zeolite  composite. 


Potenti 


Figure  5.  Charge/discharge  curves  of  a  Li/LiCo02  ce 
with  composite  electrolyte  EC:PC:PAN:LiAsFg 
and  5  mass%  1 0A,  40/u.m  molecular  sieves. 
Charge  current  density  of  0.2^  mA/cm  and 
discharge  rate  of  0.5  mA/cm  . 


Conclusions 


The  results  presented  above  demonstrate  that  dispersion  of  powdered  molecular  sieves 
in  a  gel  electrolyte  increases  ionic  mobility  at  lower  temperatures  and  effectively  controls  the 
growth  of  the  passivation  layer  on  the  lithium  electrode.  The  addition  of  the  ceramic  material 
does  not  change  the  stable  electrochemical  potential  window  and  no  significant  voltage  or 
capacity  loss  is  observed  in  a  polymer  lithium  cell. 
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Arlington,  VA  22202 
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ARMY  RESEARCH  LABORATORY 
ELECTRONICS  AND  POWER  SOURCES  DIRECTORATE 
SUPPLEMENTAL  DISTRIBUTION  LIST 
(ELECTIVE) 


Deputy  for  Science  &  Technology 
Office,  Asst  Sec  Army  (R&D) 

(1)  Washington,  DC  20310 

HQDA  (DAMA-ARZ-D/ 

Dr.  F.D.  Verderame) 

(1)  Washington,  DC  20310 

Director 

Naval  Research  Laboratory 
ATTN:  Code  2627 
(1)  Washington,  DC  20375-5000 

USAF  Rome  Laboratory 
Technical  Library,  FL2810 
ATTN:  Documents  Library 
Corridor  W*  STE  262,  RL/SUL 
26  Electronics  Parkway,  Bldg  106 
Griffiss  Air  Force  Base 
(1)  NY  13441-4514 

Dir,  ARL  Battlefield 
Environment  Directorate 
ATTN:  AMSRL-BE 
White  Sands  Missile  Range 
(1)  NM  88002-5501 

Dir,  ARL  Sensors,  Signatures, 
Signal  &  Information  Processing 
Directorate  (S3 I) 

AHN:  AMSRL-SS 
2800  Powder  Mill  Road 
(1)  Adel  phi,  MD  20783-1145 

Dir,  CECOM  Night  Vision/ 
Electronic  Sensors  Directorate 
AHN:  AMSEL-RD-NV-D 
(1)  Fort  Bel  voir,  VA  22060-5677 

Dir,  CECOM  Intelligence  and 
Electronic  Warfare  Directorate 
ATTN:  AMSEL-RD-IEW-D 
Vint  Hill  Farms  Station 
(1)  Warrenton,  VA  22186-5100 


Cdr,  Marine  Corps  Liaison  Office 
ATTN:  AMSEL-LN-MC 
(1)  Fort  Monmouth,  NJ  07703-5033 
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Dow  Chemical  Company 
M.E.  Pruitt  Research  Center 
Midland,  MI  48674 
ATTN:  Mr.  Don  Dix 

Michigan  Molecular  Institute 
1910  West  St.,  Andrews  Road 
Midland,  MI  48640 
ATTN:  Dr.  Robert  Hotchkiss 

Westinghouse  Electric  Corp. 
R&D  Center 
1310  Beulah  Road 
Pittsburgh,  PA  15235 
ATTN:  Dr.  L.  Mandlkorn 

3M  Company 
3M  Center 

St.  Paul,  MN  55144-1000 
ATTN:  Dr.  Dave  Redmond 

Sprague 

Film  Capacitor  Group 
Longwood,  FL  32750 
ATTN:  Dr.  Mark  Carter 

3M  Company 
3M  Center 

St.  Paul,  MN  55144-1000 
ATTN:  Dr.  E.F.  Hampl 

Aerovox,  Inc. 

740  Belleville  Ave. 

New  Bedford,  MA  02745 
ATTN:  Tim  Egan 

General  Electric 
Capacitor  and  Power  Division 
381  Upper  Broadway 
Fort  Edward,  NY  12828 
ATTN:  Don  Nicols-MESS 

ABB  Power  T&D  Company 
300  North  Curry  Pike 
Bloomington,  IN  47402 
ATTN:  George  S.  Papadopolous 


E.I.  DuPont 

P.O.  Box  2700 

Richmond,  VA  23261 

ATTN:  Dr.  Thomas  K.  Bednarz 

E.I.  DuPont,  Electronics  Dept 
BMP21-2126 
P.O.  Box  80021 
Wilmington,  DE  19880-0021 
ATTN:  Dr.  Roger  0.  Uhler 

Celanese  Hoechst 
86  Morris  Avenue 
Summit,  NJ  07901 
ATTN:  Bill  Timmons 

Eni  Chem  Americas,  Inc. 

2000  Princeton  Park  Corp  Ctr 
Monmouth  Junction,  NJ  08852 
ATTN:  Dr.  Alex  Jen 

Jet  Propulsion  Laboratory 
4800  Oak  Grove  Drive 
Pasadena,  CA  91109 
ATTN:  Dr.  S.P.S.  Yen 

Sandia  National  Laboratories 
Passive  Components  Division  2552 
P.O.  Box  5800 
Albuquerque,  NM  87185 
ATTN:  Dr.  James  0.  Harris 

General  Electric 
Capacitor  Division 
301  Upper  Broadway 
Fort  Edward,  NY  12828 
ATTN:  Larry  Bock 

3M  Company 

Federal  Systems  Research  & 
Development 
Building  224-2S-25 
St.  Paul,  MN  55144 
ATTN:  Ed  Westlund 
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Maxwell  Laboratories,  Inc. 

888  Balboa  Avenue 

San  Diego,  CA  92123-1506 

ATTN:  Joel  B.  Ennis 

Defense  Nuclear  Agency 
6801  Telegraph  Road 
Alexandria,  VA  22310 
ATTN:  John  Farber 

Commander 

U.S.  Army  AMCCOM,  ARDEC 
ATTN:  SMCAR-FSP-E/E.J.  Zimpo 
Bldg  1530 

Picatinny  Arsenal ,  NJ  07801 


Exfluor  Research  Company 
P.O.  Box  7807 
Austin,  TX  78713 
AHN:  Dr.  H.  Kawa 

Defense  Nuclear  Agency 
6801  Telegraph  Road 
Alexandria,  VA  22310 
ATTN:  Janet  Meiserhelder 

GE  Corporate  Research  &  Development 
K1-2S86,  P.O.  Box  8 
Schenectady,  NY  12301 
ATTN:  Dr.  Clive  Reed 


Allied-Signal,  Inc. 

P.O.  Box  1987R 
Morristown,  NJ  07960 
ATTN:  Dr.  Cheng- Jiu  Wu 
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